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Abstract 

The  potentiodynamic  electrodeposition  of  lead  on  a  1010  steel  substrate  from  a  new  electrolytic  solution  was  studied  in  order  to  establish 
whether  sorbitol  additive  is  suitable  for  the  production  of  lead  him  for  use  in  lead  batteries  and  whether  this  polyalcohol  can  be  used  in  lead 
scrap  recycling.  It  was  observed  that  the  presence  of  sorbitol  in  the  plating  bath  proved  to  be  critical,  since  in  its  absence  it  was  impossible  to 
prepare  solutions  of  plumbite  in  NaOH  <2.0  M,  became  PbO  is  insoluble.  Under  potentiodynamic  conditions  the  lead  deposits  obtained  on 
1010  steel  could  be  transformed  into  high  purity  lead  powder  by  undercutting  of  the  lead  him  during  the  anodic  dissolution  scan.  With  the  help 
of  scanning  electron  microscopy  (SEM)  photographs  it  was  concluded  that  sorbitol  reduced  the  lead  dendritic  growth  more  signihcantly  than 
glycerol  additive  and  that  this  new  electrolytic  solution  could  be  used  to  recycle  lead  scrap. 
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1.  Introduction 

Electrodeposition  of  lead  [1-4]  has  been  accomplished 
from  various  acid  solutions:  nitrate,  fluoroborate,  fluorosi- 
licate,  perchlorate,  pyrophosphate,  acetate,  etc.  As  most  acid 
electrolytes  are  toxic,  alkaline  electrolytes  are  more  appro¬ 
priate  from  an  environmental  standpoint.  Moreover,  new 
alkaline  solutions  have  been  developed  to  carry  out  lead 
plating  and  lead  scrap  recycling  [5-9].  Alkaline  electrolytes 
are  valuable  not  only  from  the  point  of  view  of  environ¬ 
mental  protection  but  also  for  their  low  corrosiveness  com¬ 
pared  to  acid  electrolytes.  We  have  been  interested  in  the 
electrodeposition  of  lead  onto  AISI 1010  steel  from  alkaline 
solutions  since  we  observed  that  the  presence  of  additives  in 
the  plating  bath  has  a  beneficial  effect  on  Pb  and  Cu/Sn 
electrodeposits  [9,10].  These  studies  established  that  the 
additives  tartrate,  in  the  Cu/Sn,  and  glycerol  in  the  Pb  plating 
baths  reduce  strain  and  inhibit  dendritic  growth,  respec¬ 
tively.  Also,  Molenaar  and  de  Bakker  [11]  investigated  the 
electrochemical  process  of  tin  electrodeposition  and  demon¬ 
strated  that  it  is  possible  to  avoid  the  spontaneous  growth  of 
tin  crystals  in  the  alkaline  solution  by  the  addition  of  sorbitol 
stabilizing  agent. 
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In  this  context  and  continuing  former  studies,  in  this  paper 
we  review  the  production  of  lead  films  in  an  alkaline  sorbitol 
bath,  with  particular  emphasis  on  the  optimization  of  the 
new  electrolytic  solution  for  use  in  lead  battery  technology 
and  lead  scrap  recycling. 

2.  Experimental 

All  chemicals  were  analytical  grade.  Double-distilled 
water  was  used  throughout.  Each  electrochemical  experi¬ 
ment  was  performed  in  a  bath  containing  0.1  M  Pb(NC>3)2  + 
NaOH  at  various  concentrations  (0.40,  0.60, 0.8,  1.0,  2.0  and 
3.0  M),  in  the  presence  and  absence  of  0.2  M  sorbitol.  After 
approximately  6  months,  the  bath  containing  0.40  M  NaOH 
became  unstable,  with  formation  of  a  yellow  powder,  prob¬ 
ably  lead  oxide,  and  so  proved  unsuitable. 

A  1010  steel  disk  (0.5  cm2),  a  Pt  plate  and  a  Hg/HgO/1  M 
NaOH  electrode  with  an  appropriate  Luggin  capillary  were 
employed  as  working,  auxiliary  and  reference  electrodes, 
respectively.  The  1010  steel  disk  (AISI),  from  CSN  Co., 
contained  0.044%  P,  0.08%  C,  0.3%  Mn  and  0.05%  S. 
Immediately  prior  to  the  electrochemical  measurements 
the  1010  steel  alloy  working  electrodes  were  abraded  with 
emery  paper,  then  rinsed  with  double-distilled  water.  Poten¬ 
tiodynamic  curves  were  recorded  using  a  PAR  model  366 
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potentiostat/galvanostat  and  a  plotting  recorder.  Electroche¬ 
mical  efficiency  ( cj)e )  was  calculated  from  the  ratio  of 
dissolution  to  deposition  charges.  All  experiments  were 
carried  out  at  room  temperature  (25  °C).  Scanning  electron 
microscopy  (SEM)  micrographs  were  taken  with  Carl  Zeiss, 
Model  DMS  940A  and  Phillips,  Model  X  L  30  FEG  electron 
microscopes. 

3.  Results  and  discussion 

3.1.  Electrodeposition  of  Pb  on  1010  steel  in  the 
presence  of  sorbitol 

Fig.  la  shows  voltammograms  for  the  stationary  1010 
steel  substrate  in  the  0.1  M  Pb2+  plating  bath  at  various 
NaOH  concentrations:  0.6,  0.8,  1.0  and  2.0  M,  all  in  the 
presence  of  0.2  M  sorbitol.  The  main  feature  of  these 
voltammograms  is  the  cathodic  peak,  characterized  by  a 
steep  increase  in  current  density,  after  which  the  current 
density  decreases,  owing  to  mass-transport  limitation.  Still 
in  Fig.  la,  the  increase  in  the  current  density  towards  a 
further  cathodic  peak  may  be  associated  with  hydrogen 
evolution  and/or  an  increase  in  the  area  of  deposit,  suggest¬ 
ing  a  second  nucleation  process.  Also,  it  can  be  observed  that 
the  lead-plating  rate  is  affected  kinetically  by  hydroxide  ion 
only  at  2.0  M  NaOH,  when  the  current  density  magnitudes 


increase  significantly.  Nevertheless,  hydroxide  ion  does  not 
affect  the  plating  thermodynamically,  since  the  initial 
deposition  potential  does  not  change  to  more  cathodic  values 
with  increasing  NaOH  concentration.  Fig.  lb  (with  no  Pb 
nitrate)  shows  that  H2  evolution  does  not  affect  the  voltam- 
metric  deposition  of  Pb  in  the  initial  moments  of  the  process. 
It  is  only  really  significant  at  potentials  beyond  —1.2  V. 
Also,  it  was  observed  that  during  the  dissolution  of  the  lead 
film  (anodic  portion  of  Fig.  lc)  undercutting  of  the  deposit 
occurred  at  the  top  of  the  anodic  peak. 

It  can  be  inferred  from  these  results  that  the  presence  of 
sorbitol  in  the  plating  bath  proved  to  be  very  useful,  since  in 
its  absence  it  was  impossible  to  prepare  solutions  of  plum- 
bite  in  NaOH  <2.0  M,  since  PbO  is  insoluble.  Thus,  the 
plating  bath  containing  0. 1  M  Pb2+,  2.0  M  NaOH  and  0.2  M 
sorbitol  was  chosen  for  the  subsequent  studies  of  the  deposi¬ 
tion  process,  since  this  solution  is  more  conductive  and  leads 
to  higher  rates  than  the  baths  with  lower  NaOH  concentra¬ 
tions. 

By  comparing  the  effects  of  the  additives  sorbitol  (solid 
line)  and  glycerol  (dotted  line)  and  the  absence  of  these 
additives  (dashed  line)  in  the  plating  bath,  Fig.  2,  it  can  be 
seen  that  the  presence  of  sorbitol  in  the  bath  shifts  the  lead 
deposition  potential  to  more  cathodic  values  and  reduces 
significantly  the  deposition  current  density  in  the  region  of 
the  cathodic  peak.  The  reduction  of  the  deposition  current 
density  may  represent  an  inhibition  of  the  deposition  in  the 
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Fig.  1.  Voltammetric  curves  for  1010  steel  substrate  in:  (a)  0.1  M  Pb(N03)2  +  0.6  (■  ■  ■),  0.8  ( - ),  1.0  (-■-),  2.0  ( — )  M  NaOH,  all  in  the  presence  of  0.2  M 

sorbitol;  (b)  0.6  (■  ■  ■),  0.8  (-  -  -),  1.0  (— ),  2.0  (— )  M  NaOH,  all  in  the  presence  of  0.2  M  sorbitol;  (c)  0.1  M  Pb(N03)2  +  2.0  M  NaOH  +  0.2  M  sorbitol;  at 
10  mV  s-1.  Potential,  in  V,  vs.  Hg/HgO/1  M  NaOH. 
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region  of  cathodic  peak,  or  a  modification  in  the  morphology 
of  the  deposit.  The  latter  effect  has  been  observed  during 
lead  [9]  and  copper  electrodeposition  [12]  from  an  alkaline 
glycerol  plating  bath  and  also  copper  plating  in  the  presence 
of  sorbitol  [13],  when  inhibition  of  crystallite  growth  took 
place.  This  fall  in  current  density  is  more  significant  in  the 
presence  of  added  sorbitol  (~17  mA  cm  2,  Fig.  2,  solid  line) 
than  in  the  presence  of  glycerol  (~24  mA  cm-2.  Fig.  2, 
dotted  line). 

These  results  are  significant  since  the  presence  of  sorbitol 
in  the  deposition  bath  may  lead  to  a  better  quality  deposit 
than  in  the  presence  of  glycerol. 

Fig.  3  illustrates  the  effect  of  increasing  the  deposition 
charge  densities  ( qd )  on  the  current  efficiency  (7/>c)  of  the 
lead  deposition  process.  The  lead  films  were  obtained 
potentiodynamically,  from  —0.450  V  to  various  Ed,  at  dif¬ 
ferent  charge  densities  (qd).  It  can  be  seen  that  increasing  the 
qd  increases  the  r/je  values  and  that  they  are  significantly 
lower  than  100%,  probably  due  to  the  low  nucleation  rate 
when  the  deposition  potential  ( Ed )  is  less  cathodic  than 
—0.86  V  and  undercutting  of  lead  film  for  Ed  more  cathodic 
than  —1.0  V.  Also,  the  (f)c  values  in  the  presence  of  glycerol 
[9]  (~70%)  were  higher  than  in  the  presence  of  sorbitol 
(~35%)  for  deposition  potentials  less  cathodic  than  —1.4  V. 
These  results  corroborate  the  lower  current  densities 
obtained  in  the  presence  of  sorbitol  than  in  the  presence 
of  glycerol  (Fig.  2),  suggesting  that  sorbitate  anion  inhibits 
the  nucleation  and  growth  rates.  However,  for  deposition 
potentials  more  cathodic  than  —  1.0  V,  in  the  presence  of 
glycerol  or  sorbitol,  the  (f>e  values  are  the  same  (^40%),  due 


E/V 

-1.4  -1.2  -1.0  -0.8  -0.6  0.4 


Fig.  2.  Voltammetric  curves  (vs.  Hg/HgO/1  M  NaOH)  for  1010  steel 
substrate  in:  (a)  0.1  M  Pb(N03)2  +  2.0  M  NaOH  (dashed  line),  (b)  0.1  M 
Pb(N03)2  +  2.0  M  NaOH  +  0.2  M  sorbitol  (solid  line),  (c)  0.1  M 
Pb(N03)2  +  2.0  M  NaOH  +  0.2  M  glycerol  (dotted  line);  at  10  mV  s_1. 


Fig.  3.  Electrochemical  efficiency  (< j>e)  of  lead  electrodeposits  obtained  at  different  deposition  charges  from  0. 1  M  Pb(N03)2  +  2.0  M  NaOH  +  0.2  M 
sorbitol. 


182 


l.A.  Carlos  et  al.  /  Journal  of  Power  Sources  117  (2003)  179-186 


E/v 

-l.e  -1.8  -1.4  -1.8  -l.o  -0.8  -0.6  -0.4  -0.E 


Fig.  4.  Voltammetric  curves  (vs.  Hg/HgO/1  M  NaOH)  for  1010  steel  substrates  in  0.1  M  Pb(N03)2  +  2.0  M  NaOH  +  0.2  M  sorbitol — effect  of  the  cathodic 
potential  limit  values:  —0.86  V  (inset),  — 1.0  V  (dashed  line)  and  —1.1  V  (solid  line);  at  10  mV  s— 


to  the  deposit  undercutting  that  occurs  at  the  top  of  the 
anodic  peak  during  the  dissolution  of  lead  films. 

To  characterize  the  cathodic  process  occurring  in  the 
presence  of  sorbitol  bath  better,  the  sweep  was  reversed  at 
various  potentials  (Fig.  4).  When  the  sweep  was  reversed  at 
—0.86  V  (inset  in  Fig.  4),  an  increase  in  cathodic  current 
and  a  nucleation  loop  were  observed,  suggesting  that  the 
metal  deposition  occurred  by  nucleation  [14].  After  the 
nucleation  loop,  the  cathodic  current  decreased  quickly 
before  the  formation  of  an  anodic  peak.  When  the  sweep 
was  reversed  at  —1.0  V  (dashed  line),  the  current  decreased, 
indicating  that  the  plating  process  was  under  diffusion 
control  [15,16].  Finally,  reversing  the  sweep  at  — 1.1  V 
(solid  line),  the  current  increased  as  in  the  first  case  (inset 
in  Fig.  4)  indicating  a  second  process  of  nucleation  and 
growth.  Also,  it  can  be  seen  that  in  the  presence  of  sorbitol 
there  exists  a  lead  nucleation  overpotential  (~80  mV), 
which  was  not  observed  in  its  absence  [9],  but  is  comparable 
to  that  in  the  presence  of  glycerol  in  the  plating  bath 
(~90  mV)  [9].  It  can  be  inferred  from  these  results  that 
sorbitol  and  glycerol  anions  hinder  the  deposition  process 
thermodynamically. 

Fig.  5a  shows  a  set  of  voltammograms  obtained  at 
various  sweep  rates  from  a  bath  containing  0. 1  M  Pb2+, 
2.0  M  NaOH  and  0.2  M  sorbitol.  The  current  density  at  the 


cathodic  peak  exhibits  a  steep  increase  with  the  sweep  rate. 
This  is  because  the  higher  the  scanning  rate,  the  lower  the 
fall  in  concentration  of  Pb2+  species  at  the  metal/solution 
interface,  and  this  leads  to  higher  current  densities.  It  can  be 
inferred  from  these  curves  that  the  rate  of  lead  deposition  is 
controlled  by  mass  transport  in  the  regions  beyond  the 
cathodic  peak.  Fig.  5b  shows  that  peak  current  density 
(jp)  increases  with  v1'2,  but  is  not  proportional.  This  result 
suggests  that  the  lead  electrodeposition  process  is  quasi- 
reversible  in  this  region  [15,16].  Fig.  5c  shows  that  the  peak 
potential  (Ep)  shifts  negatively  with  increasing  v,  confirming 
the  results  of  Fig.  5b. 

To  verify  the  observations  made  with  the  stationary 
electrode  concerning  the  control  of  the  deposition  process 
by  mass  transport,  experiments  were  done  with  a  rotating 
disk  electrode  (RDE).  Fig.  6  displays  voltammetric  curves 
with  the  RDE  at  various  speeds  of  rotation,  and  it  is  clear 
that  from  the  start  of  the  deposition  there  is  a  contribution 
from  mass  transport  control,  as  the  deposition  current 
densities  are  dependent  on  the  speed  of  rotation,  and  that 
beyond  the  cathodic  peak  mass  transport  becomes  impor¬ 
tant.  Also,  the  current  densities  on  the  rotating  disk 
electrode  are  much  higher  than  on  the  stationary,  indicating 
that  the  current  densities  observed  on  the  stationary  elec¬ 
trode  are  limited  by  mass  transport.  The  diffusion  coefficient 
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Fig.  5.  Voltammetric  curves  (vs.  Hg/HgO/1  M  NaOH)  for  1010  steel  substrates  in:  (a)  0. 1  M  Pb(N03)2  +  2.0  M  NaOH  +  0.2  M  sorbitol  at  various  sweep 

rates  (v/mV  s  1 ) :  (■  ■  ■)  1.0;  (-  -)  2.0;  (-■-)  5.0;  ( — )  10;  ( — )  20;  ( - )  50;  (b)  variation  of  jp  with  v1/2  and  (c)  variation  of  Ep  with  v,  for  lead  electrodeposition 

on  steel  substrate. 


(Do)  of  the  lead  complex  was  obtained  from  the  RDE 
studies.  Assuming  a  kinematic  viscosity  of  0.01  cm2s“', 
and  a  roughness  factor  of  ~2  (AISI 1010  steel  substrate),  the 
value  of  the  coefficient  of  diffusion  was  4.0  x  1 0  6  cm2  s"  1 . 
This  value,  as  expected,  is  smaller  than  the  D0  of  lead 
sulphate,  9.8  x  10'6  cm2  s_l  [17],  at  25  °C. 

Finally,  it  can  be  concluded  from  the  potentiodynamic 
curves  for  the  1010  steel  electrode  in  the  Pb  plating  baths,  in 
the  presence  of  sorbitol,  that  initial  deposition  rates  are  high, 
but  lower  than  in  either  the  absence  or  presence  of  glycerol 
(Fig.  2).  Thus,  the  growth  rate  of  the  crystallites  is  relatively 
more  significant  than  the  nucleation  rate,  although  both  are 
slower  than  in  the  presence  of  glycerol  in  the  plating  bath;  as 
a  consequence,  the  deposits  are  less  dendritic. 

3.2.  Scanning  electronic  microscopy 

Figs.  7-9  show  the  physical  appearance  under  SEM  of 
electrodeposited  lead  films  obtained  with  sorbitol  present  in 
the  plating  bath.  When  the  potential  was  swept  from  —0.45 


to  —0.86  V  (Fig.  1,  solid  line),  the  substrate  was  totally 
covered  in  coalesced  lead  crystallites  (Fig.  7a  and  b). 

In  the  potential  range  from  —0.45  to  —1.05  V  (Fig.  1, 
solid  line)  lead  globular  crystallites  and  dendrites  dispersed 
could  be  observed  (Fig.  8a  and  b). 

After  the  potential  scan  from  —0.45  to  —1.15  V  (Fig.  1, 
solid  line),  gave  an  initial  layer  of  coalesced  lead  crystallites, 
which  was  seen  totally  covering  the  substrate,  and  over  these 
many  dendrites  and  clusters  were  scattered  (Fig.  9a  and  b). 
These  results  corroborate  the  increase  in  current  density 
beyond  —1.15  V  observed  in  Fig.  4  (solid  line)  and  confirm 
the  second  nucleation  process. 

It  may  be  inferred  from  these  results  that  the  best  con¬ 
dition  in  which  to  obtain  the  lead  film  is  at  a  deposition 
potential  of  —0.86  V,  because  the  dendrites  are  absent.  Also, 
the  sorbitate  anion  gives  rise  to  smaller  dendrites  of  lead,  at 
or  beyond  the  deposition  potential  of  around  —1.05  V  than 
the  glycerinate  anion  [9].  Thus,  it  may  be  concluded  that  the 
sorbitol  works  better  than  glycerol  as  a  growth  inhibitor, 
refining  the  lead  deposit. 
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Fig.  6.  Voltammetric  curves  (vs.  Hg/HgO/1  M  NaOH)  for  1010  steel  substrates  in:  (a)  0.1  M  Pb(N03)2  +  2.0  M  NaOH  +  0.2  M  sorbitol  at  various  RDE 

rotation  speeds  (w/Hz):  ( — )  0.0;  (•  •  •)  0.25,  (— )  0.5;  ( - )  0.75,  (-••-)  1.0;  ( - )  1.25;  ( - )  1.5  at  10  mV  s-1;  (b)  variation  of  JL  with  w1/2  for  lead 

electrodeposition  on  to  steel  RDE. 


Fig.  7.  SEM  micrographs  for  lead  films  obtained  in  potential  sweeps  from  —0.45  to  —0.86  V;  at  low  (a)  and  high  (b)  magnifications.  Electrolytic  solution: 
0.1  M  Pb(N03)2  +  2.0  M  NaOH  +  0.2  M  sorbitol. 
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Fig.  8.  SEM  micrographs  for  lead  films  obtained  in  potential  sweeps  from  —0.45  to  —1.0  V;  at  low  (a)  and  high  (b)  magnifications.  Electrolytic  solution: 
0.1  M  Pb(N03)2  +  2.0  M  NaOH  +  0.2  M  glycerol. 


Fig.  9.  SEM  micrographs  of  Pb  films  obtained  in  potential  sweeps  from  —0.45  to  —1.5  V;  at  low  (a)  and  high  (b)  magnifications.  Electrolytic  solution:  0.1  M 
Pb(N03)2  +  2.0  M  NaOH  +  0.2  M  sorbitol. 


4.  Conclusions 

Potentiodynamic  curves  indicated  that  in  the  first 
moments  of  the  lead  deposition  process,  it  is  characterized 
by  high  change  current  density,  but  that  beyond  the  peak 
potential  it  is  controlled  by  mass  transport,  leading  to 
production  of  non-adherent  lead  film.  The  value  of 
the  rate-limiting  diffusion  coefficient  was  4.0  x  10~6 
cm2  s”1.  The  undercutting  of  lead  film  at  the  top  of 
the  anodic  peak  allowed  a  pure  lead  powder  to  be  col¬ 
lected.  The  presence  of  sorbitol  as  an  additive  in  the 
plating  bath  modified  the  current  density  of  the  cathodic 
process  more  significantly  than  did  the  presence  of  gly¬ 
cerol  in  the  plating  bath.  From  the  SEM  results,  it  can  be 
inferred  that  sorbitol  has  a  beneficial  effect  on  the  lead 
deposition,  since  it  reduces  the  propagation  of  dendritic 
growth  more  than  glycerol,  corroborating  the  decrease  in 


the  deposition  current  density  in  the  presence  of  this 
additive. 
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